Introduction

19
Equatorial waves are atmospheric waves whose amplitude is maximized at the equator 20 and decreases exponentially as the distance of the waves from the equator increases. Their 21 dispersion relation and spatial structure were studied theoretically by Matsuno (1966) . He 22 derived eigenmodes of equatorial waves by using a plane-wave assumption in the time and 23 zonal directions on the linear shallow-water equation. The equatorial waves that were dis-24 covered by Wallace and Kousky (1968) and Yanai and Maruyama (1966) from radiosonde 25 observation were identified as Kelvin waves and Rossby-gravity waves, respectively.
26
On the other hand, quasi-biennial and semiannual oscillations (QBO and SAO) of the 27 zonal wind exist in the equatorial stratosphere. Previous studies have shown that these oscil- Kramers-Brillouin (WKB) approximation and is a useful physical quantity for describing the 36 wave propagation (Edmon et al. 1980 ). The residual mean flow and the zonal-mean zonal 37 wind acceleration are related to the divergence of EP flux in the zonal momentum equation.
38
When there are no critical levels, the divergence of the EP flux is zero for linear, steady, and 39 conservative waves. Under such conditions, the waves neither drive the residual mean flow 40 nor accelerate the zonal-mean zonal wind. This is known as the non-acceleration theorem 41 (Eliassen and Palm 1961; Charney and Drazin 1961) . In studies using the TEM equations 42 and equatorial wave theory, it was shown that the QBO is mainly driven by gravity waves, and weak background wind shear are assumed, the perturbation equations on the equatorial 71 beta-plane are given as follows.
where z is the log-pressure height, u, v, w, are zonal, meridional, and vertical velocities,
74
respectively, ρ 0 is the basic density, Φ is the geopotential, N 2 is the buoyancy frequency 75 squared, which expresses static stability, β ≡ 2Ωa −1 is the beta effect, Ω is the earth's rota-76 tion rate, a is the mean radius of the earth, the suffixes x, y, z denote the partial derivatives,
77
and we assume that the time-mean vertical velocity, and the nonconservative and diabatic 78 terms are negligible. The over bar (¯) and the prime ( ′ ) express the time mean and its 79 deviation, respectively. For a perturbation, a form of plane wave is considered; 
where ρ s is a surface density. The zonal, meridional, and vertical parcel displacements (ξ ′ , η ′ , ζ ′ ) satisfy the following relations as
The time-mean Stokes drift is given in the following using the parcel displacements (2.3) and 87 perturbation wind velocities.
Here, it should be noted that the deformations on the second equal sign of each equation are 90 made by using the relations (
and (η ′ w ′ ) = −(ζ ′ v ′ ) under the assumption that the time-mean wind shear is small.
92
In the next section, the EQSD for equatorial Kelvin 
Using (2.5) enables ζ ′ u ′ to be expressed as
Thus, EQSD for the equatorial Kelvin wave is formulated in the following.
where the subscript (Kl) is used to distinguish other equatorial waves.
103
Next, the difference betweenū S (Kl) and other 3D Stokes drifts is examined in terms of 
where we useD = −iω and assume thatω is independent of the latitude. From zonal and 112 meridional momentum equation, the geopotential of equatorial Kelvin waves is expressed as
whereΦ 0 is constant. Using (2.8) and (2.10), the term S is written in terms of Φ ′ as
Similarly, the term S (p) becomes 115
Thus, 3D Stoke drift for equatorial Kelvin waves is equal to that applicable only to inertia- tion forv(y) are expressed as follows. . First, by using (2.3), (2.14a) and (2.13b), 131 η ′ u ′ is expressed in terms ofv 0 as follows.
v ′2 , and a potential energy are written in the following.
The meridional derivative of the difference between (2.16a) and (2.16c), and the derivative 135 of (2.16b) are respectively expressed as
Hereafter, the notation (Y ) is omitted from H n (Y ). From the difference between (2.17b) 138 and (2.17a), the following relation is obtained.
Next, ζ ′ u ′ and ζ ′ v ′ are deformed in the same way as (2.6)
Thus, the 3D Stokes drift for equatorial waves (EQSD) is formulated as follows.
It is important that the EQSD (2.20) is also applicable to the Kelvin waves (n=-1) since The time-mean zonal momentum equation on the equatorial beta-plane is given by
By substituting (2.20) into (3.1) and using the assumption that the background wind shear 154 is negligible, we obtain 
It should be noted that (3.3b) vanishes since u ′ and v ′ are out of phase by 90 degrees. This Using (2.1d) and (2.14) enables us to write u ′ w ′ included in (3.3c) in terms ofv 0 as
The meridional integral of (3.4) is obtained by using the dispersion relation of equatorial 170 waves (2.13a) and
(3.5)
Similarly, −βy
N 2 and its meridional integral are given in the following. 
On the other hand, the wave activity density and its meridional integral are written as 
where
The derivation of (3.5), (3.6b) and (3.8b) is given in the
177
Appendix. The zonal and vertical group velocities of equatorial waves are expressed as 
(3.11b) Dividing (3.11) by (3.8b) yields assumed that the time-mean wind shear is negligible.
196
First, taking u ′ ×(2.1a)+v ′ ×(2.1b)+Φ ′ z /N 2 ×(2.1d) and using the time mean yield Next, by using (2.13b) and (2.14), u ′ Φ ′ can be written in terms ofv 0 as
(3.14)
From (3.11a) and (3.14)
From (3.13), (3.15), and (3.16), 
. On the other hand, this study assumes waves whose amplitude 231 is damped in the meridional direction, and the term u ′ η ′ is reduced to
232
Similar manipulations may be needed for a case of tidal waves whose meridional structures 233 have some nodes. Thus, the 3D TEM equations applicable to tidal waves need to be derived.
234
APPENDIX A
242
Derivation of (3.5), (3.6b), and (3.8b)
243
The deformation of the first line of (3.5) is made by using (2.13c) and
The deformation of the first line of (3.6b) and from the first to the second line of (3.8b) are 246 also made in a similar way.
247
Next, by using the dispersion relation of equatorial waves (2.13a), the part
n (|m|ω+N k) 2 included in (3.5) can be expressed as follows.
Similarly, the parts
in (3.6b), and
are reduced in the following.
and
APPENDIX B
253
Meridional integral of 3D wave activity flux applicable 254 to inertia-gravity waves
255
The meridional integral of
is expressed as
The derivation of (B1) is given in the following. 
Thus, meridional integral of F (EQ) 11
becomes equal to that of 3D wave activity flux applicable 258 to inertia-gravity waves.
259
APPENDIX C
260
Another expression of u ′ η ′
261
In this section, we introduce another expression of u ′ η ′ without using parcel displace-262 ments.
263
From meridional derivative of (2.1a), meridional derivative of (2.1b), (2.1c), and vertical 264 derivative of (2.1d), perturbation potential vorticity equation is expressed as follows.
Substituting (2.13b), (2.14a) and (2.14b) into (C1), perturbation potential vorticity q ′ is 266 expressed in terms ofv 0 as follows. 
and 268 q ′ = iv 0 kH n − β|m| (n + 1)H n |m|ω − Nk − nH n |m|ω + Nk e −Y 2 /2 = iv 0 kH n − β|m (2n + 1)Nk + |m|ω |m| 2ω2 − N 2 k 2 H n e −Y 2 /2 = iv 0 β ω
where the dispersion relation of equatorial waves (2.13a) is used in the last line. Thus,
It should be noted that this expression can be used for all equatorial waves. 
